Objective To evaluate precision and recall rates for the automatic extraction of information from free-text pathology reports. To assess the impact that implementation of pattern-based methods would have on cancer registration completeness. Method Over 300,000 electronic pathology reports were scanned for the extraction of Gleason score, Clark level and Breslow depth, by a number of Perl routines progressively enhanced by a trial-and-error method. An additional test set of 915 reports potentially containing Gleason score was used for evaluation. Results Values for recall and precision of over 98 and 99%, respectively, were easily reached. Potential increase in cancer staging completeness of up to 32% was proved. Conclusions In cancer registration, simple pattern matching applied to free-text documents can be effectively used to improve completeness and accuracy of pathology information.
Introduction
Knowledge representation systems, dedicated to the storage of knowledge items in a way which is suitable for subsequent retrieval, face a number of challenges: the collection of raw information; the manipulation of this information and its projection into a knowledge representation schema; the storage of such projections; the retrieval of knowledge items for any purpose.
These challenges may be seen both as successive steps in building working systems for use in research departments, although the order of the steps may vary, and as stages of information flow. Much of the current literature and research is focused on the optimal, rigorous way to represent biomedical information and standardise the communication. Biomedical ontologies [1] and HL7 Messaging Standard [2], for example, are instances of such efforts. When dealing with existing corpora of documents, once a suitable system of representation has been chosen, the burden to convert the existing information into the new format is not just a matter of translation. While conversion algorithms from one coding system into a new one can prove difficult to be decided and developed, e.g., between SNOMED [3] and ICD-10 [4] , different problems arise when incorporating 'raw' data into a representation structure. While most of medical informatics and bioinformatics literature and mining tools are dedicated to genetic-or gene-related information retrieval from journal papers, there is a need for extracting usable information from clinical or pathology documents [5] . The main problem researchers have to face is the different kinds of 'rawness' of the information they have to manipulate: clinical pathology documents have a layer of added ambiguity originating by the use of quasi-ungrammatical natural language, which may differ between different documents and even over a single document [6] . Several methods have been investigated to collect usable information from unstructured clinical documents, mainly by using Natural Language Processing techniques [7] . This approach, however, is not always justified when high precision is sought for very specific and urgent information extraction tasks [8] . This is what happens, for example, when term-value data, buried in free-text documents collected by cancer registries, are needed for epidemiological studies.
The present study investigates whether simple pattern matching can be effectively used to improve the completeness of pathology information collected for individual patients, reducing the number of records with partial or no pathology information, or to supply information not available through routine extracts from the main feeder database systems, in the domain of cancer registration. In particular, we investigate a method for extracting important prognostic features from pathology reports associated with two types of cancer, the Gleason score for prostate cancer [9] and the Clark level [10] and Breslow depth [11] for malignant melanomas of skin.
Materials and methods
The study was set in the Northern Ireland Cancer Registry (NICR), a unit operating within the Centre for Public Health in the Queen's University of Belfast. Although the cancer registration dataset [12] in the UK is involved in the recent phase of projects for the enhancement and, hopefully, higher level of integration of IT systems within the National Health Service [13] , at the moment the values of many clinical test results, staging information and other pathology-related data items are not captured by the main database system. As such information is not recorded at the source (laboratory computer systems), it is not received from the data providers as a specific item of the dataset. As a result, all such data are either not available or have to be obtained by human inspection of the free-text pathology reports or by the application of ad-hoc techniques.
Data sources
Free-text pathology reports are received electronically by the NICR with a certain degree of regularity (monthly) and completeness (around 85% of all cancer registrations), and kept in a separate repository. Specifically, they are held in MSWord files in a designated folder on a server-each file representing a calendar year worth of biopsy reports. Over 30,000 reports are received annually, of which around 900 are reports of prostate cancer and 350 of melanoma biopsies.
Gleason scores from prostate cancer pathology reports
The first objective was to develop a means of extracting the Gleason score for prostate cancers from the main body of the text reports, using software techniques for keyword search and pattern matching. There is a degree of variation in how the Gleason score is recorded within the pathology report (see typical examples below), and thus, the technique employed for extraction would require some flexibility in order to yield the correct values. A manual survey demonstrated that tertiary scores were rarely reported in the histopathological documents of the chosen time period. As a result, tertiary Gleason scores were not routinely extracted. Gleeson'' (the latter is the common misspelling of ''Gleason''), the routine created a new line in an Excel file, storing the file path, the Pathology Number of the patient and the found word plus the following 30 characters from the body of the report. Firstly, the records were quickly checked for problems (for example in some cases, the sought word was a surname) or normalisation (for example, it was found a need for the conversion of roman numerals or plain English numbers into arabic numerals). Secondly, the most common textual patterns, used by the clinician to record the Gleason grades (G1 and G2) and total score (S), were identified with some possible variants. For example,
The patterns identified were coded into Perl regular expressions [14] , used in a routine which, for each pattern, extracts the relevant parts of the Gleason staging (grades and score) where occurring. For example, the Perl regular expression for the first two patterns previously mentioned is as follows
For each record, all the extracted values were appended to it into a new file. The new file generated was manually inspected. Records for which null or wrong values had been extracted were analysed, in order to identify new patterns to be coded in Perl or patterns whose regular expressions had been miscoded.
The improved Perl routine was run again against the file containing all the original records and the process was repeated, until an acceptable level of retrieval was achieved without overcomplicating the Perl routine (16 different patterns were eventually needed).
The final routine was then run against a training subset of 2,263 pathology reports of prostate cancer patients, which were manually inspected and independently given a Gleason score by a urologist (David Connolly). The final output from this subset was analysed to calculate preliminary values for recall and precision: Precision ¼ # correctly and completely extracted scores=# total extracted scores Recall ¼ # correctly and completely extracted scores=# total scores To further investigate the behaviour of the Perl routine, their recall and precision rates were calculated by performing the pattern matching over a variable number of characters extracted after the sought keyword.
Finally, the Perl routine was run against a 'gold standard' test set of 915 reports, (year 2005, disjoint from training set) manually scored in order to obtain unbiased values for precision and recall.
As an additional exercise, the Gleason scores extracted from the year 2001 reports were also compared with the values stored, for the same patients, in a subsidiary database of the Registry. Gleason scoring is not routinely collected in the NICR, and an audit project performed in 2004 provided information for prostate cancer patients diagnosed in 2001, in the form of an Access database manually populated by trained personnel looking at hospital charts. These patients, however, may have had more than one histological sample (e.g., a prostate biopsy followed by radical prostatectomy), and those reports were assessed separately.
Technique for Clark level and Breslow depth
The same technique was used for the extraction of grading values (Breslow depth and Clark level) from skin biopsy and excision biopsy reports. The keywords were identified and fed, together with the following 50 characters, to the Perl routine. Below are a few examples of how the values are expressed in pathology reports (note that 'Clark' is always spelt 'Clarke'): In this case, our aim was to estimate how valuable the technique would be to increase the proportion of skin cancers with a recorded grade in the Registry database. Thus, the values extracted from the free-text reports were compared with the values already stored in the Registry central databases and all differences analysed.
Given the uniformity of melanoma staging representation in the reports, recall and precision were estimated by manual inspection of the Perl output files, and no further analysis was needed. Specifically, the portions of text mentioning the grading value were inserted in an electronic sheet alongside the value extracted by the Perl script. These were manually assessed and the accuracy verified.
Results

Gleason score
When compared to manual examination, up to 93% recall was initially achieved during the training sessions, depending on settings. 90% of the missed automatic extractions were due to the presence of 'confusing' numbers following the actual score. To be safe, the Perl patterns used would not extract any Gleason score if other numbers follow, unless they can be easily disambiguated, e.g., tumour-nodes-metastasis (TNM) classification values [15] . In some isolated cases (10% of missed scores), the summation performed by the pathologist was wrong and, again, the routine would not extract those values.
The results of running the extraction routine over strings of increasing length, following the keyword, on the test set are presented in Fig. 1 . It is shown that, in the case of the extraction of Gleason score, recall and precision follow a quasi-step function of the number of characters parsed. There are thresholds above which precision and recall can be considered quite stable, although slightly increasing with the number of characters.
The drop in precision when considering around 11 characters after the keyword is explained as follows. ''Gleason pattern x'' alone is used by pathologists as the short form of ''Gleason score x ? x = 2x'', and the Perl routine performs the appropriate extraction and calculation. Sometimes, however, the pathologist writes ''Gleason pattern[s] a ? b = c'', which would give misleading information to the routine when truncated at around 11 characters after 'Gleason'. For the test session, a test set of 915 reports potentially containing Gleason score for prostate cancer cases was identified for the year 2005. The final recall and precision achieved on this set were 98.4 and 99.8%, respectively, which is very encouraging (see Table 1 ).
The comparison with the 2001 audit database is shown in Table 2 . The disagreement of about 10% is due to a deficiency of the main registration system (mirrored in the audit database), which is designed to record only one grading score per patient, while grading values may evolve with the disease. The lower precision may be explained by patients who have more than one pathology report.
Finally, although the NICR does not routinely record the procedure employed to produce the histopathological tissue discussed in the report, manual checking indicated that lack of accuracy was not confined to reports associated to a particular procedure, namely prostate needle biopsy versus transurethral resection of prostate.
Clark and Breslow
The results for the mining of reports for malignant melanoma cancer cases are shown in Tables 3 and 4 . In this case, a quick manual check for recall and precision was possible, because of the uniform way in which these values are recorded by the pathologists, and showed this uniformity allowed for final values of 100% recall and precision.
Melanoma staging values are routinely manually collected in the NICR, and a comparison with the values already stored in the Registry was possible. The results from the processing of 992 reports mentioning 'Clark' and 2,128 mentioning 'Breslow' were compared with the NICR database and, an estimate of the increase in completeness of melanoma staging data was also calculated, defined as the ratio between the number of melanoma records in the NICR database containing the information and the total number of melanoma records.
For Breslow and Clark scores, the majority (50-60%) of the non-matching values between the Registry and the reports are due to missing values in the NICR database. The set of results which are in real disagreement, around 10% of the whole set of reports, is again due to the presence of more than one report for the same patient. If the Breslow values are grouped into categories comparable to Clark levels [16] , then this disagreement drops to 6.3%.
From the number of staging values extracted by our procedure, which were not already present in the NICR database, it turned out that our procedure increased the completeness of melanoma staging by 32 and 18% for Breslow depth and Clark level, respectively.
Discussion
It is only in recent years that research of information extraction from clinical documents has reached acceptable levels, however, the application of this research into existing live systems is still very rare [17] . The aim of the current study was to assess the potential benefits of patternbased information extraction to cancer registration and the challenges that such approach would pose. We found that over 90% recall and precision are achievable in the extraction of staging term-value(s) data, even when pathologists use several different ways of representing them. This compares very well with even much more complex techniques [17, 18] . In the case studied, the completeness of cancer staging was increased by up to a third. The approach illustrated is very easy to implement and adapt by individual registries or similar agencies, involves only a few trial-and-error cycles for the fine tuning of the regular expressions used and is now part of the data acquisition routine in the NICR. We have used the same method in several other projects, for instance to differentiate the operative procedures performed from histopathology report data and to distinguish between metastatic and non-metastatic prostate cancer in isotope bone scan reports [19] . Even though the standardisation of pathology reporting is being encouraged, pathologists may be slow at fully embracing the practice and, in addition, there is generally an opportunity to add free-text on their reports to allow for narrative explanations and comments. The techniques illustrated here may be used to extract information from legacy documents, to quickly process the structured sections of new standardised reports-where these report have not been converted into electronic records at the source in the laboratory-and to extract potentially interesting information specified in the surviving free-text sections of the standardised reports.
The methods assessed in the current study concerned only three prognostic factors. Once the routines have been set up for the search of the keywords and the pattern-based extraction, it is very quick to extend the extraction to new items. However, at the present stage, our routines still need IT-aware personnel for most of the extraction cycle, the most specialised stage being the regular expression representations in Perl. Some familiarity is also needed with the relevant medical terminology, to be able to identify the linguistic constructs conveying the information being sought and most commonly used by the pathologists. This knowledge is then further refined and extended after some analysis of the corpus of reports, showing the 'live', actual usage of medical language by the pathologists. Another limitation of this method is represented by its reliance on reasonably well-defined search terms or expressions. For instance, an attempt to use a similar technique to extract the exact anatomical site from pathology reports of colorectal polyp tissue did not produce good results, while other pieces of information, such as grade, size and procedure, were successfully extracted. Additionally, some investigation is usually needed to determine the optimal number of characters in the proximity of the keyword to be submitted to the patternmatching routine. Our tests have shown that this would be particularly important where the performance of the routine is non-monotonic. For instance, it could happen that when using complex patterns, which do not retrieve the sought value in the presence of 'noise'-such as other numberswithin the extracted string, the recall would decrease if too long strings are parsed and no disambiguation mechanisms are in place. To estimate the optimal number of characters to be included in the pattern matching, it was necessary to run the extraction several times on a set of reports independently annotated by a human expert, varying the string length around the keyword between runs. Each run produces a set of extracted values, and the comparison of all sets with the human annotations is the source for calculating precision and recall as functions of the number of characters. This process was automated by a separate routine, but did require a small number of man hours to set up, test and run. An additional benefit of this approach is that it enables one to rapidly structure a collection of unstructured pathology reports, which could be used for clustering and categorisation purposes. The building of indexes of the documents based on different prognostic factors, for example, would allow researchers to identify very quickly all pathology reports showing the value of a given factor within a given range. It would also allow identification of patterns of co-occurrence of abnormal values for sets of prognostic factors.
We also performed an informal estimate of the economic benefits of automatic extraction of prognostic factors from pathology reports. In the case of the test set of 915 reports potentially containing Gleason score, manual extraction was performed in about 30 person-hours, as opposed to around 4 person-hours for the modification and fine tuning of already existing extraction routines. The actual computer processing time required to perform the task was negligible in this context.
Conclusions and future work
This study shows how simple pattern matching can be effectively used to improve completeness and accuracy of pathology information, at least in the domain of cancer registration, although our results can be easily generalised to other domains. In our specific case, it also pointed out that about 10% of patients are potentially associated with ambiguous grade for their tumour, because only one staging value is stored in the main DB while at least one pathology report shows a different value. The method used here, although very simple, shows that useful data can be extracted from free-text pathology reports with minimal effort on the part of staff. The next stage of our work will be the design of a generic tool for the extraction of termvalue data which would be user friendly enough to require minimal or no intervention by IT personnel. Eventually, by expanding our search dictionary and enhancing the techniques, we hope to be able to reconstruct more complex information, such as metastatic/primary status or full staging of some tumours, and index the reports on this basis. Further experiments have also been performed on reports written in other languages (Italian and Spanish), producing comparable preliminary results.
Availability
The Perl routines are freely downloadable from ftp://ftp. qub.ac.uk/pub/users/gnapolit/perl/
